I. INTRODUCTION
Semiconductor chalcogenides with a unique behavior of fast reversible phase transition between their crystalline and amorphous states under pulse-induced heat treatment are promising materials utilized for the next-generation nonvolatile data storage known as phase-change memory (PCM). These chalcogenides are hence also referred to as phasechange materials. Phase-change memory works in a very simple principle. The SET process utilizes a long-duration and moderate laser/current pulse to crystallize the amorphous bits. While the RESET operation is conducted by melting the recording media using an intense pulse and then "freezing" it in the amorphous state against a crystalline mask. It is the significant differences in optical/electrical properties between the amorphous and crystalline states that help to ensure reliable information readout.
1,2 Germanium telluride (GeTe), with a rather long history of being utilized as a functional material, is among the first materials observed to achieve a desirable trade-off between fast writing speed and long data retention time, regarded as a landmark in the history of PCM. 3 Even though GeTe and its chemical counterparts have gained great commercial success in optical data storage devices, there are still numerous challenges on the way towards a universal electronic data storage device, including achieving an ideal balance among the contradictory requirements of PCM, 4 i.e., a tradeoff between crystallization (writing) speed and amorphous-phase stability (data retention). Great efforts have been made to fine tune the features near the bandgap of phase-change materials, among which doping with transition metals is one of the most conventional approaches. 5, 6 By doping Zn in Ge 2 Sb 2 Te 5 (GST) thin films, Li et al. 7 obtained the increased crystalline temperature, widened optical band gap, and improved switching performances for the investigated system. Song and co-workers 8 introduced elemental Fe into Ge-Sb-Te alloys to synthesize a phase-change magnetic material, the magnetic properties of which could also be switched reversibly between the amorphous and the crystalline states. By introducing this new degree of freedom, associated with the spin of carriers, they could control the ferromagnetism by nanosecond laser pulse induced phase change. Through theoretical calculations, Zhang et al. 9 investigated other 3d magnetic impurities (Cr, Mn, Co, and Ni) doped GST materials. They have shown that ferromagnetic Cr-doped GST and Mn-doped GST exhibit a significant magnetic contrast between the crystalline and amorphous phase like Fe-doped GST materials. Meanwhile, they might exhibit better cyclability without significantly affecting the medium-range structural properties of amorphous GST. By doping Ge 1 Sb 2 Te 4 alloys with Ag, Prasai et al. 10 revealed that the Ge environment could be significantly modified by metal dopants, thus promoting the conversion of Ge from tetrahedral to octahedral sites and hence enhancing the speed of crystallization of the phase-change alloys.
Copper is a vital transition metal, widely utilized in electronic industries, and could also be employed as dopants of phase-change materials. Zhang et al. 11 have studied Cu doped phase-change materials, demonstrating that Cu could change the phase-change performances of GeTe significantly in terms of the crystallization temperature, crystallization active energy, band gap and thermal stability, and so on. In our previous work, 12 we have shown that Cu-doped GeTe materials exhibit quite different properties from pure GeTe, in particular electrical properties. Nevertheless, it is very difficult to identify the effect of Cu on the local structure of amorphous GeTe at the atomic scale by present experimental technique. Fortunately, in this respect, ab initio molecular dynamics (AIMD) simulations have been proved to be an efficient way to observe the structural changes of doped phasechange materials. 13, 14 Here by AIMD simulations, we investigated the local atomic arrangements of amorphous GeTe incorporated by Cu (a-CuGeTe) and amorphous GeTe (a-GeTe) to shed light on the effect of Cu on the amorphous structure of phase-change compounds.
II. COMPUTATIONAL METHODS
The present AIMD calculations were performed within the framework of density functional theory as implemented in the Vienna ab initio simulation package (VASP). 15 The interatomic forces were calculated quantum mechanically using projector augmented wave (PAW) potentials within the local density approximation. 16 Gaussian smearing with a broadening value of 0.1 eV and the gamma point were applied for the present work. The calculation parameters were consistent with our previous works. 17, 18 Standard PAW pseudopotentials for Cu (3d ), where 100 Ge atoms and 8 intrinsic vacancies occupy one sublattice following the special quasirandom structure (SQS) concept, 19 and 108 Te atoms occupy the other sublattice of the rocksalt structure. The reason we choose defective Ge 100 Te 108 supercell for study is because that experimentally up to 10% intrinsic vacancies at Ge sites are possible. 20 To investigate the effect of Cu, we constructed another supercell with 6 Cu atoms occupying the vacancies positions quasi-randomly. The Cu content is the best doped amount in GeTe based on literature review. 21, 22 Both supercells were first melted and thermalized at 1500 K for 12 ps, wherein the temperature was controlled using the algorithm of Nos e, 23 then they were gradually quenched down to 300 K at a quenching rate of 21.1 K ps
À1
, and finally rethermalized at 300 K for 27 ps. The results presented here are averaged over the configurations gathered during the final 3 ps period at 300 K. Figure 1 illustrates the partial pair correlation functions (PCFs) for a-GeTe and a-CuGeTe. As seen in Fig. 1(a) , for a-GeTe, around Ge the Ge-Te pair function predominates and shows a sharp first peak at $2.75 Å and a small second peak at $6.25 Å , While the Ge-Ge pair function is less important and develops into the first, second, and third peaks. This indicates a medium range order around Ge in a-GeTe.
III. RESULTS AND DISCUSSIONS
On the other hand, the Te-Te pair function is rather interesting by showing a very broad peak at $4.05 Å with a tiny shoulder at a lower distance and another peak at $6 Å , which reminisce that in rock-salt structured GeTe. The results also show a medium range order around Te atoms in a-GeTe. In a-CuGeTe, it is obvious that Cu affects the amorphous structure of GeTe by strengthening the Ge-Te pair correlation and weakening the Ge-Ge pair correlation evidently, while it shows very subtle impact on the Te-Te pair function. Nevertheless, all the corresponding peaks are located at almost the same positions indicating that the main features of the local environments in a-GeTe are preserved in aCuGeTe. As seen in Fig. 1(b) , the Cu-Cu pair function shows a very sharp first peak, indicating a strong correlation between Cu atoms. The discrete character of the peaks from the Cu-Cu pair function is due to the rather small quantity of Cu atoms in GeTe, while the Cu-Ge and Cu-Te pairs seem to be less correlated as seen by the much weaker peaks.
The partial and total coordination numbers for each element were estimated from pair-correlation function integrals, the results of which are listed in Table I . For a-GeTe, the Ge-Ge bonds are common, where our partial coordination number (1.19) agrees well with the result (1.2) of a Ge K-edge extended X-ray Absorption Fine Structure (EXAFS) measurement. 24 The estimated total coordination number around Ge is 4.69 for a-GeTe, which is slightly larger than the value (4.1) given by Kohara et al. 25 derived from the reverse Monte Carlo (RMC) simulation with synchrotronradiation x-ray diffraction data. This discrepancy lies in the overestimated Ge-Te coordination number (3.50) in this work, which is 0.4 larger than the RMC result. 25 The average coordination number of Te-Ge atomic pair is 3.24, smaller than that of Ge-Te pair, which could be due to the existence of Ge vacancies. The coordination number of Te-Ge pair is also slightly larger than the RMC value (3.1). 25 Meanwhile, the coordination number of Te-Te is estimated to be 0.34 by our simulations, which however is ignored by Kohara et al. 25 Thus, the total coordination number of Te in this work (3.58) is slightly larger than that given by the RMC simulation (3.1). 25 For a-CuGeTe as seen in Table I , the incorporation of Cu atoms causes the increase in the average coordination numbers of both Ge-Te and Te-Ge atomic pairs and the decrease in that of the Ge-Ge and Te-Te atomic pairs. Consequently, the total coordination numbers around Ge and Te in a-CuGeTe are respectively larger than that in a-GeTe. In addition, the coordination number of Cu-Cu pair (0.33) is relatively large considering that there are only 6 Cu atoms in our model, which could be regarded as an evidence of the agglomeration of Cu atoms. On the other hand, considering the fact that in our initial crystalline model Cu atoms were highly dispersed in the system, while in the rethermalized system Cu atoms agglomerated into a Cu-rich cluster, one could deduce that Cu should be highly diffusive. To check this assumption, we plot in Fig. 2 the mean-square displacements for a-CuGeTe during rethermalization period at 300 K following the quenching. As seen in Fig. 2(a) , at the first 12 ps, Cu atoms are much more diffusive than Ge and Te atoms. However, after the system reaches a thermally quasiequilibrium state, the diffusivity of Cu is similar to Ge and Te with the mean-square displacement of Cu locating between Ge and Te atoms as shown in Fig. 2(b) .
The fractional distributions of coordination number for different species are shown in Fig. 3 . In a-GeTe, Ge is principally fourfold and fivefold coordinated, while threefold and fourfold coordinations predominate Te. Interestingly, in aCuGeTe, the fraction of 5-coordinated Ge atoms exceeds the 4-coordinated ones. Further close analysis shows that $81% of those 5-coordinated Ge atoms locate in tetrahedral coordination environment in a-CuGeTe. As a tetrahedral geometry implies a coordination number of four, the fifth atom is not bonded to the central Ge, but happens to be within the set coordination radius. Nevertheless, it is interesting to note that only around 40% of the 5-coordinated Ge atoms locate in tetrahedral environment in a-GeTe with the same set coordination radius. The results indicate the increase in tetrahedralcoordinated Ge atoms in amorphous GeTe by the incorporation of Cu, which is beneficial to enlarge the structural discrepancy and hence the contrast in electrical resistivity between amorphous and crystalline GeTe. Hence improved encoding in PCM would be expected by the incorporation of Cu in GeTe. For Te in both a-GeTe and a-CuGeTe, it is mainly fourfold and fivefold coordinated in an octahedral environment similar to their crystalline counterparts.
Further insight on a-GeTe and a-CuGeTe is gained by analyzing the (first-neighbor) bond angle distribution, which is shown in Fig. 4 observed for around Ge and Te in a-GeTe, respectively. The corresponding peaks in a-CuGeTe center at almost the same angle positions with only slight shape changes, indicating that the framework in a-GeTe and a-CuGeTe is very similar. The tiny peak centered at $50 around Ge in a-CuGeTe is mainly caused by Cu atoms, while the small broad peaks at $160 are reminiscent of the distorted octahedral-like geometry of the metastable cubic crystal. Furthermore, the large deviation from 90 for around Ge indicates the existence of tetrahedral Ge atoms. We therefore estimated the coordination environment by multi-peaks fitting to the broad angle distributions. (An example of multi-peaks fitting is provided in our Supplemental Materials.
26
) The estimation shows that approximately 68% Ge atoms are octahedrally coordinated and the left Ge atoms are in a tetrahedral environment in a-GeTe. This result consists with our previous work that octahedral and tetrahedral coordinated Ge atoms coexist in amorphous Ge-Sb-Te alloys. 17 On the other hand, roughly half of Ge atoms (51%) in a-CuGeTe locate in a tetrahedral environment, which is indicative of a considerable number of sp 3 -bonding rather than p-bonding in a-GeTe by obstructing valence alternation. 27 The enlarged proportion of saturated sp 3 covalent bonds indicates a larger difference between the crystalline and the amorphous state in terms of bonding mechanism. 4 Thus, the short phase transition time, which is one of the most important requirements for the next generation nonvolatile data storage devices, could be prolonged. However, this larger difference in coordination environment would cause large contrast in physical properties (such as electrical resistivity and optical absorbance) between amorphous and crystalline GeTe that is beneficial for encoding as mentioned above (Optical absorbance curves are provided in Supplemental Materials
). To summarize, the dramatic change in coordination environment shows that Cu atoms have significant impact on the local structure of amorphous phase-change materials and hence the physical properties according to our previous investigation 12 and a recently published work by Kumar et al.
28 Figure 5 shows a snapshot structure of a-CuGeTe from which it is seen that angles of $90 dominate the bonding network of the multifold coordinated atoms. Furthermore, more three-fold rings are observed in a-CuGeTe (6.60%) in contrast to a-GeTe (4.61%) and the four-fold rings take a percentage of 34.32 in a-CuGeTe compared to 36.17 in a-GeTe according to the ring statistics implemented within the R.I.N.G.S. code. 29 Kohara et al. 25 have demonstrated that odd-numbered rings, which are absent in the crystalline phase, would disturb the fast crystallization of the amorphous phase due to the reconstruction of the local structure. Finally, Cu atoms have a propensity to form into a cluster. As it is clearly depicted, the nearest distance between two Cu atoms is less than 2.64 Å , which is equal to twice the covalent radius of 1.32 Å for Cu. 30 This is consistent with amorphous GeCu 2 Te 3 , a phase-change material with a Cu concentration of 33.3 at. % for which the nearest neighbor distances of Cu-Cu was reported 31 to be 2.58 6 0.03 Å . In addition, the second nearest Cu atom is clearly seen in Fig. 5 , indicating an agglomeration tendency of Cu atoms. Besides, the relatively short Cu-Cu distances, odd-number rings, and dense Cu-rich regions in our system are very similar to Cu 2 GeTe 3 reported by Skelton and colleagues. 32 However, the rather short distance between Cu atoms alone is not enough to make a conclusion that whether the strong interaction between Cu atoms exists in a-CuGeTe. Further analysis of the calculated charge density distribution (CDD) and electron localization function (ELF) have not revealed any strong chemical interaction between Cu atoms (see Supplemental Materials 26 for details). In addition, the calculated Bader atomic charge 33 of Cu (0.00548) is relatively small, which is consistent with that of Cu doped GST system. 6 It can be explained by the valence electrons composition of Cu (3d 10 4s 1 ) that the completely filled d shells limit Cu atoms attaining high oxidation state, which could also explain why no strong chemical interaction was observed here. On the other hand, Choi and colleagues 34 have observed Cu filament in crystalline GeTe using plasmon electron energy loss spectroscopy as plenty of Cu atoms were added. Their work suggests the tendency of Cu clustering in crystalline GeTe. Based on the above analysis, the incorporated Cu atoms might serve as centers for heterogeneous nucleation, hence shortening the device duration. Therefore, deteriorated data retention might be expected in PCM. On the other hand, Cu atoms might form a filament that short-circuits the semiconductor, forming a structure like a resistive memory device cell using Cu filament as conducting channels. 34, 35 IV. CONCLUSIONS In summary, by means of AIMD calculations, we have shown the coordination environment change due to the incorporation of Cu. Combining coordination number analysis with bond angle distributions, we demonstrate that the presence of a small proportion of Cu is sufficient to induce large distortion in the local structure of amorphous GeTe and hence the physical properties change. The incorporation of small amount of Cu causes significant increase of tetrahedral Ge in amorphous GeTe. The structural change might enhance the contrast in physical properties between amorphous and crystalline phase change materials, which is beneficial for encoding. However, the structural change induced by Cu might not be good for the phase change speed and the data recording. Hence, transition metal dopants like Cu should be used carefully in terms of quantity.
